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ABSTRACT
Observations of young supernova remnants (SNRs) in X-rays and γ-rays have provided conclusive
evidence for particle acceleration to at least TeV energies. Analysis of high spatial resolution X-ray
maps of young SNRs has indicated that the particle acceleration process is accompanied by strong
non-adiabatic amplification of magnetic fields. If Fermi acceleration is the mechanism producing the
energetic cosmic rays (CRs), the amplified magnetic field must be turbulent and CR-driven instabili-
ties are among the most probable mechanisms for converting the shock ram pressure into the magnetic
turbulence. The development and evolution of strong magnetic turbulence in the collisionless plasmas
forming SNR shells are complicated phenomena which include the amplification of magnetic modes,
anisotropic mode transformations at shocks, as well as the nonlinear physics of turbulent cascades.
Polarized X-ray synchrotron radiation from ultra-relativistic electrons accelerated in the SNR shock
is produced in a thin layer immediately behind the shock and is not subject to the Faraday depo-
larization effect. These factors open possibilities to study some properties of magnetic turbulence
and here we present polarized X-ray synchrotron maps of SNR shells assuming different models of
magnetic turbulence cascades. It is shown that different models of the anisotropic turbulence can be
distinguished by measuring the predominant polarization angle direction. We discuss the detection
of these features in Tycho’s SNR with the coming generation of X-ray polarimeters such as IXPE.
Keywords: acceleration of particles — ISM: cosmic rays — galactic clusters — magnetohydrodynamics
(MHD) — shock waves — turbulence
1. INTRODUCTION
The synchrotron interpretation of non-thermal ra-
dio emission from “radio stars” by Alfve´n & Herlofson
(1950), while not directly mentioning supernovae
(SNe), gave observational support to the hypothesis by
Baade & Zwicky (1934) that SNe are sources of Galac-
tic cosmic rays (see e.g. Ginzburg & Syrovatskii 1964;
Axford 1981; Amato 2014). Collisionless shocks pro-
duced by supersonic SN ejecta expanding into the inter-
stellar medium, simultaneously accelerate charged par-
ticles by the diffusive shock acceleration (DSA) mecha-
nism while amplifying the local turbulent magnetic field
(for reviews, see Blandford & Eichler 1987; Schure et al.
2012; Marcowith et al. 2016). As a result, quasi-power
law particle spectra are formed where a significant frac-
tion of the total SN ejecta kinetic energy can be deposit-
ed in relativistic cosmic rays (CRs).
Electrons can be accelerated by fast shocks up to
TeV energies and efficiently emit synchrotron radiation
up to X-ray energies in the amplified magnetic fields (see
e.g. Reynolds & Chevalier 1981). This model is support-
ed by observations which confirm the existence of a power
law component in nonthermal SNR radiation in a broad
spectral range from radio to X-rays (see e.g. Helder et al.
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2012).
Direct observations of polarized radio emission from
SNRs proved the synchrotron nature of the radiation and
provided a way to study the magnetic field structure (see
Chevalier 1977; Raymond 1984; Reynolds et al. 2012;
Dubner & Giacani 2015, for reviews). Radio mapping
of the young SNRs Cas A (Bell et al. 1975) and Tycho
(Strom & Duin 1973; Duin & Strom 1975; Dickel et al.
1991; Reynoso et al. 1997) resolved well-defined edges of
the radio shells associated with the forward shock waves.
This magnetic field structure revealed from radio obser-
vations in young SNRs is often characterized by predom-
inantly radial fields, while older SNRs, like the Cygnus
Loop, IC 443 and others, show a tangential magnetic
field structure (e.g., Fu¨rst & Reich 2004).
The nature of the apparent predominantly radi-
al field is still under discussion. Recently, West et al.
(2017) considered selection effects due to the distribu-
tion of CR electrons accelerated by quasi-parallel shocks
as an explanation of the radial magnetic field pattern
derived from radio polarization observations. The au-
thors demonstrated that radio-emitting electrons accel-
erated at quasi-parallel shocks can have spatial distri-
butions that result in an apparent radial magnetic field
in radio synchrotron maps even when the field is in fact
disordered. Bandiera & Petruk (2016) and Petruk et al.
(2017) modeled radio images of SNRs accounting for tur-
bulent magnetic fields.
Since GeV electrons, regardless of origin, have long
lifetimes in the Galaxy, their synchrotron radio emission
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can be used to study large scale magnetic turbulence
(Lee et al. 2019; Wang et al. 2020). The ubiquitous na-
ture of radio emission in SNRs provides direct constraints
on the injection and shock acceleration of GeV electrons,
as well as propagation and polarization in turbulent mag-
netic fields (e.g., Lazendic et al. 2004; Reynolds 2008).
Here, however, we limit discussion to polarized X-ray
synchrotron radiation where the rapid energy loss of TeV
electrons means they are restricted to a thin shell behind
the remnant forward shock. In this case, the Faraday de-
polarization effects are negligible in X-rays contrary to
the radio band observations.
This provides the opportunity to reach a degree of
polarization detectable with the new generation of X-
ray polarimeters such as the Imaging X-ray Polarimetry
Explorer (IXPE) (Weisskopf et al. 2016).
The TeV electrons producing X-ray synchrotron
emission in SNRs are likely accelerated by the
DSA mechanism (e.g., Blandford & Eichler 1987;
Ellison et al. 2012). This mechanism requires magnetic
turbulence to function and, while pre-existing back-
ground turbulence is always present in astrophysical
plasmas, locally generated broadband turbulence is
necessary to produce GeV-TeV CRs. This turbulence is
most likely produced in the shock precursor by instabili-
ties generated by backstreaming CRs. Models show that
these instabilities can transfer a few percent of the shock
ram pressure to the magnetic field fluctuations (see
e.g. Bell 2004; Amato & Blasi 2006; Schure et al. 2012;
Bykov et al. 2014). The effect of turbulent magnetic
fields on X-ray synchrotron images of young SNRs was
discussed by Bykov et al. (2008, 2009).
High resolution Chandra X-ray synchrotron maps
of young SNRs revealed a number of structures
of different sizes and morphologies (Vink 2012).
These included narrow filaments, stripes, and clumps
(see e.g. Vink & Laming 2003; Bamba et al. 2005;
Patnaude & Fesen 2009; Eriksen et al. 2011). It was also
discovered that small scale structures were time-variable
on a scale of a few years in the case of SNR RX J1713.72
(Uchiyama et al. 2007) Cas A (Uchiyama & Aharonian
2008), and Tycho (Okuno et al. 2020). It was argued
that the filamentary structures might result from fast
energy losses of the X-ray emitting TeV electrons down-
stream from the shock if the downstream field was am-
plified well above the adiabatic compression magnitude.
If so, the filaments are due to the geometric projection
of the thin regions accelerating the TeV electrons. An
alternative explanation of the filaments is due to a rapid
decay of amplified magnetic fields in the vicinity of the
shock wave (Pohl et al. 2005).
The time-variable clumpy structure detected by
Chandra can also be naturally explained as a result of
turbulent magnetic fields in the vicinity of the shock
front without postulating an exceptionally strong uni-
form background field or field decay (Bykov et al. 2008).
In this model, the intensity and polarization of the struc-
tures are sensitive to the magnetic turbulence spectrum
even in the case of isotropic turbulence (Bykov et al.
2009). The observational diagnostics of the isotropic
turbulence in SNRs will require arcsecond resolution po-
larimetry which could be available with the next gener-
ation of X-ray polarimeters.
However, as we show below, anisotropic turbulence
in young SNRs can be tested with upcoming polarimeters
like IXPE. Not only is broadband self-generated turbu-
lence necessary to produce GeV-TeV CR electrons and
ions, there is ample evidence, particularly from sharp X-
ray synchrotron edges, that this turbulence can be am-
plified by orders of magnitude above background levels
(e.g., Parizot et al. 2006). As this turbulence is com-
pressed upon entering the downstream region, where
most of the X-ray synchrotron radiation is produced, it
should become highly anisotropic.4
In addition, the turbulence anisotropy may evolve
due to MHD plasma evolution (Shebalin et al. 1983;
Cho et al. 2002; Bigot et al. 2008; Reville et al. 2008),
such as anisotropic wave cascading (Sridhar & Goldreich
1994; Goldreich & Sridhar 1997; Lithwick & Goldreich
2003). In this paper we consider both (i) anisotropic tur-
bulence due to shock compression of isotropic precursor
turbulence5 and (ii) the anisotropic turbulence emerg-
ing in a cascading process. These two scenarios produce
turbulence with different characteristics that can be dis-
tinguished in SNR X-ray synchrotron maps.
2. MODELING OF SNR SYNCHROTRON X-RAY IMAGES
2.1. Turbulence cascade
The time evolution of a turbulent magnetized plas-
ma is a nonlinear process. However, in some condi-
tions, the complicated physics of this process can be
described as an interaction of linear MHD waves. In
Sridhar & Goldreich (1994) it was shown for weak tur-
bulence (i.e., when the small scale turbulent fields are
weaker than the large scale field) in incompressible mag-
netized fluids that the 3-Alfve´n-wave interaction is ab-
sent and a 4-wave interaction leads to the generation of
waves with higher perpendicular wave number k⊥. A
special turbulent spectrum is formed with energy densi-
tyWd3k = C
(
k‖
)
k
−10/3
⊥ dk‖k⊥dk⊥. While the spectrum
has a specific dependence on k⊥, the dependence on k‖
is determined by the initial turbulence.
If energy is injected in turbulence on large scales
then only small k‖ are present in the turbulent spec-
trum and the assumption C
(
k‖
) ≈ const can be used. If
the initial turbulence is isotropic (i.e., 〈δB2x〉 = 〈δB2y〉 =
〈δB2z〉 = 〈δB2〉/3) the evolved turbulence will have
〈δB2‖〉 > 〈δB2⊥〉/2, where 〈δB2‖〉 is the mean square of
the turbulent magnetic field component directed along
the large scale magnetic field and δB⊥ is the transverse
component of the turbulent field. This effect is a result
of the evolution of Alfve´nic waves polarized so their mag-
4 We note that ambient magnetic fields can be amplified by
non-CR processes such as Raleigh–Taylor and Kelvin–Helmholtz
instabilities and this may result in a net radial polarization behind
the forward shock (e.g., Jun & Norman 1996).
5 In oblique shocks, where the large-scale magnetic field direc-
tion is oblique to the shock normal, the magnetic field component
tangent to the shock front is increased upon shock compression.
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A B C
Fig. 1.— Sketch of SNR forward shock showing polarization di-
rections immediately downstream. Example (A) shows the case of
anisotropic turbulence produced by shock compression of upstream
isotropic turbulence. Example (B) shows the case of turbulence
produced by the anisotropic cascade of an almost radial magnet-
ic field near the shock. Example C) shows the domain structure
formed from long-scale stochastic fluctuations of CR-driven mag-
netic turbulence produced by hard spectrum CRs in nonlinear DSA
(see text).
netic field lies in the same plane as a wave vector and a
large scale field. The existence of such polarization of
Alfve´n waves is a consequence of incompressibility.
In this work we consider three possible scenarios for
polarization directions in supernova shells as sketched in
Fig. 1. In (A) we show the case where there is strong,
isotropic, short-scale turbulence in the shock precursor.
Upon compression as the turbulence is swept across the
shock, the magnetic field will become predominantly tan-
gential to the shock front and the polarization will be
predominantly radial. One should note that the nonlin-
ear interactions of the fluctuations downstream from the
shock may isotropise the tangential anisotropy induced
by the transition through an oblique shock and reduce
the degree of X-ray polarization. However, due to fast
losses of TeV electrons the synchrotron X-ray radiation
is formed in a thin ridge just behind the shock where the
turbulence isotropization effect may be incomplete and
significant X-ray polarization can be detected.6
In the case of anisotropic cascades (B), the predom-
inant direction of the turbulent field is the same as the
large-scale field. Since large-scale fields in young SNRs
tend to be radial at the forward shock, synchrotron ra-
diation will have a polarization direction predominantly
tangent to the shock.
Our third case (C) assumes the CRs accelerated
in the forward shock have a hard enough spectrum so
strong, long-wavelength fluctuations on spatial scales up
to 10 arcsec are produced in Tycho’s SNR. It should be
noted here that even in the cosmic ray driven turbu-
lence the long-wavelength fluctuations may have scales
larger than the gyroradii of the highest energy cosmic
rays if non-resonant instablities like the firehose (see e.g.
Schure et al. 2012; Bykov et al. 2013) or mirror instabil-
ities (Bykov et al. 2017) are in operation. In this case,
the magnetic field near the shock will form domains of
this size with almost random field and polarization di-
rections. The life-time of such long-scale fluctuations is
longer than a year.
6 We illustrated both the fully anisotropic and fully isotropic
cases in Fig. 4.
2.2. Numerical simulation of an anisotropic stochastic
magnetic field
In a cascading process the direction of the large scale
magnetic field defines the symmetry axis of the prob-
lem. The general stochastic property of axially symmet-
ric magnetic turbulence is
〈B2⊥〉 = q〈B2‖〉 = 〈B2〉q/ (q + 1) . (1)
In the case of isotropic turbulence 〈B2x〉 = 〈B2y〉 = 〈B2z〉 =
〈B2〉/3 and q = 2. For turbulence formed downstream
from the shock by shock compression of initially isotropic
turbulence q > 2, while q < 2 for turbulence produced
in the cascading process described above.
For our simulation of anisotropic turbulence we use a
method based on the work of Giacalone & Jokipii (1999).
We consider the summation of a large number of harmon-
ics with random wave vectors and phases:
B(r, t) =
Nm∑
n=1
2∑
α=1
A
(α)(kn) cos(kn · r− ωn(kn) · t+ φ(α)n )
(2)
We have two orthogonal polarizations A(α)(kn) (α =
1, 2) of magnetic field, both chosen orthogonal to the
wave vector A(α)(kn) ⊥ kn in order to satisfy ∇ ·B = 0.
For the 1st polarization we choose the direction of the
magnetic field to lie in a plane formed by the symmetry
axis and the wave vector. The magnetic field direction
for the 2nd polarization is orthogonal to this plane. We
introduce here the coordinate system which is consisting
of the axis || directed along the symmetry axis and the
perpendicular plane. The 2nd polarization gives contri-
bution only to the value of B⊥, while the 1st polarization
contributes both to B⊥ and B‖. The amplitudes for po-
larizations 1,2 are
A21(k) = (1− a)A2(k) , (3)
A22(k) = (1 + a)A
2(k) , (4)
where a ≥ −1 and q = (2 + a) / (1− a). In the case of
isotropic turbulence, the parameter a = 0 (q = 2) and
the spectral energy density of the magnetic turbulence is
Wd3k = Ck−δdk = 4piA2(k) · k2dk . (5)
In the case of anisotropic turbulence produced by the
shock compression of isotropic turbulence, we model the
spectral energy density with the same expression with
a > 0 (q > 2). For the anisotropic cascades considered by
Sridhar & Goldreich (1994) the spectral energy density
is
Wd3k = C
(
k‖
)
k
−10/3
⊥ dk‖k⊥dk⊥ = 2piA
2(k)dkzk⊥dk⊥.
(6)
2.3. Synchrotron radiation properties
A 2D SNR map is obtained by integrating a 3D
distribution of synchrotron emissivity along each line-
of-sight. We consider magnetic field fluctuations with
characteristic sizes greater than the formation length
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lf ≈ mc2/eH ≈ 1.7 × 109B−1µG of the synchrotron ra-
diation. This allows use of the standard formula for syn-
chrotron radiation in a homogeneous magnetic field as
given by Ginzburg & Syrovatskii (1965).
The Stokes parameters, I˜ , Q˜, U˜ , and V˜ , that fully
describe radiation polarization properties can be written
as
I˜(r, t, ν) = ScB⊥ (r)
∞∫
ν/νc
K5/3(η)dη , (7)
Q˜(r, t, ν) = ScB⊥ (r)K2/3
(
ν
νc
)
cos (2χ) , (8)
U˜(r, t, ν) = ScB⊥ (r)K2/3
(
ν
νc
)
sin (2χ) , (9)
where Sc = [
√
3e3/(mc2r2)](ν/νc) and V˜ = 0 for the
isotropic particle distributions we consider here. These
parameters are additive for incoherent photons so maps
of Stokes parameters can be obtained by integration
over the line-of-sight taking into account the distribu-
tion of emitting particles fe (E, r) and the expression
dV = r2drdΩ:
I(ν) =
∫
I(ν, r)dr = (10)
√
3e3
mc2
∫
drdE
ν
νc
B⊥ (r) fe (E, r)
∞∫
ν/νc
K5/3(η)dη
Q(ν) =
∫
Q(ν, r)dr = (11)
√
3e3
mc2
∫
drdE
ν
νc
cos (2χ)B⊥ (r) fe (E, r)K2/3
(
ν
νc
)
U(ν) =
∫
U(ν, r)dr = (12)
√
3e3
mc2
∫
drdE
ν
νc
sin (2χ)B⊥ (r) fe (E, r)K2/3
(
ν
νc
)
where
νc =
3eB⊥
4pimc
γ2 (13)
and∫
dEdΩE · fe (E, r) = 4pi
∫
dE · fe (E, r) = n(r) . (14)
In these equations, I, Q, andU(ν) are normalized so the
radiation flux near Earth is given by dF (ν) = I(ν)dΩ =
(dS/r2)I(ν) and so on, fe is an isotropic electron distri-
bution function, B⊥ is a magnetic field projection to a
plane transverse to the line-of-sight, and χ is the angle
between the fixed direction in this plane and the main
axis of the polarization ellipse. The parameters νc and
χ are functions of r.
Using the Stokes parameters, we obtain the degree
of polarization as
Π(x, y) =
√
U2(x, y) +Q2(x, y)
I(x, y)
, (15)
where the coordinate system is shown in Fig. 3. We note
that for large sources time delay is important and we
take this into account with(
I
Q
U
)
(x, y) =
∫ ( I
Q
U
)(
x, y, z, t− z
c
)
dz . (16)
The main axis of the polarization ellipse of emit-
ting synchrotron radiation is locally perpendicular to the
magnetic field projection B⊥ (r). If the rotation angle of
polarization ellipse, χ, is measured from the −Ox axis
then cosχ = B⊥y/B⊥ and sinχ = B⊥x/B⊥, so
Q˜(r, t, ν) = ScB⊥ (r)K2/3
(
ν
νc
)
B2⊥y −B2⊥x
B2⊥
, (17)
U˜(r, t, ν) = ScB⊥ (r)K2/3
(
ν
νc
)
2B⊥y · B⊥x
B2⊥
. (18)
It is easily seen that in the case of isotropic turbu-
lence
〈
Q˜(r, t, ν)
〉
= 0 and
〈
U˜(r, t, ν)
〉
= 0. In real-
ity, the stochastic ensemble is not full so the average,
while small, is not exactly zero. In the anisotropic case,
if the axis of symmetry is perpendicular to the line-
of-site and coincides with axis Ox (or Oy) then the x
and y field projections have different stochastic proper-
ties, i.e.,
〈
B2⊥y
〉
6= 〈B2⊥x〉 and 〈Q˜(r, t, ν)〉 6= 0, while〈
U˜(r, t, ν)
〉
= 0. If B2⊥/B
2
‖ is large then
〈
Q˜(r, t, ν)
〉
can be close to the value for a homogeneous magnetic
field and the polarization can be close to the maximum
theoretical limit.
2.4. Electron distribution function
Due to rapid radiation losses, high-energy, shock ac-
celerated electrons will be concentrated near the shock
front. The characteristic width of this region is deter-
mined by the balance between the diffusive shock accel-
eration rate, diffusion out of the region, and the syn-
chrotron loss rate. This width decreases rapidly with
increasing electron energy making a plane-shock approx-
imation reasonable. Following Bykov et al. (2000) we
write the plane-shock diffusion-convection equation for
DSA:
D (p)
∂2fe
dx2
−u (x) ∂fe
∂x
+
p
3
∂u
∂x
∂fe
∂p
− 1
p2
∂
∂p
(
p2
dp
dt
fe
)
= 0
(19)
where
dp
dt
= −32pi
9
(
e2
mec2
)2(
B2
8pi
)(
p
mec
)2
(20)
describes synchrotron energy loses. For the plane-shock
geometry, fe(E, r) = fe[E, d(r)],
∫
fe (E, r) dEdΩE =
Polarized X-rays in SNRs 5
Fig. 2.— Electron distribution functions at different distances
from the shock front as indicated. Negative values correspond to
the upstream region while positive ones correspond to the down-
stream region.
4pi
∫
fe (E, r) dE = n(r), and d = |r−R0| −RSNR is the
distance to the shock front. Here, R0 is a radius-vector
to the SNR center and RSNR is SNR radius.
For our simulations we calculated synchrotron loses
for a magnetic field B =
√
〈B2〉 = 5.5 · 10−5 G. This
value is justified if the characteristic size of the magnet-
ic field fluctuations is less than the average distance a
particle moves during deceleration. The forward shock
velocity used was 2 · 108cm/s and we assumed Bohm dif-
fusion. The model distribution functions of electrons are
shown in Fig. 2. These electron distributions are gener-
ally consistent with standard DSA models where ultra-
relativistic electrons and protons have the same spectral
shape up to the break in the electron spectra due to
synchrotron losses. While not shown, we find the asso-
ciated proton distributions in the 100 GeV-TeV regime
to be consistent with γ-ray spectra from Tycho’s SNR
as deduced from Fermi LAT and VERITAS observations
(Archambault et al. 2017).
The spectra shown in Fig. 2 do not show ef-
fects from nonlinear shock modification produced by
a strong CR pressure gradient in the shock precur-
sor (e.g., Jones & Ellison 1991; Malkov & Drury 2001;
Caprioli et al. 2011). Shock modification modifies the
spectral shape and normalization of CR spectra includ-
ing the high-energy end. The effect has been studied
extensively for some young SNRs like RX J1713.7-3946
and Cas A (e.g., Ellison et al. 2012; Zirakashvili et al.
2014; Slane et al. 2015). However, the polarization re-
sults we present here are qualitatively similar with and
without the nonlinear effects so we have used the unmod-
ified spectra shown in Fig. 2.
2.5. Model SNR geometry
Tycho’s SNR is among some young remnants having
well developed small-scale structures in X-ray images.
Here, we study the polarization properties of the magnet-
ic turbulence believed associated with these structures
in context of the new generation of X-ray polarimeters.
We have simulated synchrotron intensity and polariza-
Y
Y
XZ X
Fig. 3.— The model geometry is shown in the top left where 4
of the 8 simulation boxes are shown. One-eighth of the spherical
SNR shock is indicated along with the coordinate axes and, on the
right, a schematic 2D image obtained after an integration over the
line-of-sight. The Oz axis is directed to the observer. The bottom
panel shows the 6–8 keV Chandra image of Tycho’s SNR with the
location of a 120× 240 arcsec rectangular region which is equal in
size to our model region used in simulations in Section 3.
tion maps of a Tycho-like SNR in X-ray energies taking
into account stochastic properties of the magnetic field.
We assume a remnant radius of 3 pc, at a distance of
2.5 kpc, giving an angular radius of to 4 arcmin.7
We simulated magnetic fields in a rectangular box
with dimensions (16×8×4) ·1018 cm, consisting of eight
cubes with sides D = 4·1018 cm. As shown in Fig. 3, this
box contains a part of the SNR shell. Our minimal and
maximal scales of turbulence are Lmin ∼ 2.5 · 1015 cm
and Lmax ∼ 1.2 ·1018 cm. In angular units this is Lmin ∼
0.07 arcsec and Lmax ∼ 30 arcsec. We calculated Stokes
parameters of the synchrotron emission in this volume
for different models of isotropic and anisotropic magnetic
turbulence both with
√
〈B2〉 = 5.5 · 10−5G.
After integration over the line-of-sight (OZ axis in
Fig. 3) we obtained 2D intensity and polarization maps
7 We note that 2.5 kpc is at the low end of generally cited dis-
tances for Tycho’s SNR which can be 3 kpc or a bit higher (e.g.,
Slane et al. 2015; Sato & Hughes 2017).
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of the synchrotron radiation. We used 2000 pixels along
the line-of-sight and 100x100 pixels in a transverse plane
in each cubic box. On the right panel of Fig. 3 the
120 × 240 arcsec simulated rectangular region is shown
superimposed on the Tycho’s SNR Chandra image.
We simulated the axially symmetric magnetic tur-
bulence with an axis of symmetry directed along the Ox
axis while the real symmetry of the system is spherical.
Our simulation results are precise at the part of the SNR
shell normal to the Ox axis (y=0) and accurate enough
for our simulation maps in nearby regions.
3. MAGNETIC TURBULENCE AND SNR SYNCHROTRON
IMAGES
3.1. Ideal observations
Here we discuss ‘ideal’ observations, i.e., ones with
long enough exposures so all statistically uncertainties
are negligible for every pixel. We do not, however, as-
sume infinite angular resolution. This ideal case allows
us to identify synchrotron emission properties of young
SNRs and serves as a starting point for simulations of
real synchrotron images taking into account polarime-
ter sensitivity, effective area, limited exposure, and Pois-
son photon statistic. These realistic simulations are dis-
cussed in Section 3.2.
Based on the model described above we simulated
synchrotron maps for Stokes parameters I, U , and Q
assuming an angular resolution of 1.2 arcsec. This al-
lows us to obtain maps of the intensity, polarization de-
gree, and polarization angle with the same or worse res-
olution of the forthcoming IXPE X-ray polarimeter (see
Weisskopf et al. 2016).
We simulated cases with isotropic and anisotropic
magnetic turbulence. For the isotropic case, we used
magnetic field fluctuations with power spectrum indices
δ = 5/3 and δ = 1. In the anisotropic case, we consider
both turbulence produced due to shock compression and
due to anisotropic cascading. In the shock compression
case, we consider magnetic turbulence with power spec-
trum index δ = 5/3 and strength of anisotropy q = 5 and
20. Radiation maps obtained in these cases for a photon
energy of 5 keV are shown in Fig. 4 with 1.2 arcsec an-
gular resolution. The dependence on the spectral index
is clearly seen in the relative sizes of magnetic structures
in the high resolution intensity and polarization images
for different values of δ. It is also seen that stronger
anisotropy (greater q) in shock compression turbulence
results in stronger polarization with mostly a radial po-
larization direction.
This agrees well with the fact that the polarization in
highly anisotropic turbulence approaches the maximum
theoretical limit of polarization in a homogeneous mag-
netic field. The main difference comes about because, for
a homogeneous magnetic field, the total emission from
the entire SNR is highly polarized. For anisotropic tur-
bulence, only small scale structures are highly polarized
and the total emission is not significantly polarized be-
cause contributions from different parts of the remnant
cancel each other on average.
In Fig. 5 we show maps of the quantities from
Isotropic
δ = 1 δ = 5/3
Anisotropic
q = 5 q = 20
Fig. 4.—Model synchrotron images with 1.2” angular resolution.
In each of the 4 sections, the total emission is in the upper left,
the polarized emission is in the lower left, the polarization degree
is in the upper right and the polarization angle (in radians) is
in the lower right. Angles are measured from the Oy axis. The
left and right panels in the first row, respectively, show isotropic
turbulence examples for turbulence power spectra indices δ=1 and
5/3. The left and right panels in the bottom row, respectively,
show anisotropic turbulence cases with δ=5/3 and q = 5 and 20.
Fig. 4 with the expected angular resolution of the
IXPE polarimeter as a convolution with PSF taken from
(Fabiani et al. 2014). The work of Fabiani et al. (2014)
describes the PSF of the XIPE polarimeter and we as-
sume this is similar to the PSF of IXPE. The PSF was
truncated to a circle with 36 arcsec radius in order to
decrease the influence of border effects. In the maps
shown in Fig. 5, the IXPE PSF width exceeds the small-
est scale structures so, after convolution, these structures
will become much less prominent. Nevertheless, there
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Isotropic
δ = 1 δ = 5/3
Anisotropic
q = 5 q = 20
Fig. 5.— Model synchrotron images obtained after convolution
with the IXPE PSF are shown. In each of the 4 sections, the total
emission is in the upper left, the polarized emission is in the lower
left, the polarization degree is in the upper right, and the polariza-
tion angle (in radians) is in the lower right. Angles are measured
from the Oy axis. The left and right panels in the top row, respec-
tively, show isotropic turbulence examples for turbulence power
spectra indices δ = 1 and 5/3. The left and right panels in the
bottom row, respectively, show anisotropic turbulence examples
with δ = 5/3 and q = 5 and 20.
is a difference in polarization between the homogeneous
and anisotropic cases after convolution so future X-ray
polarimeters could give quantitative information on the
level of anisotropic magnetic turbulence in SNRs.
To model turbulent magnetic field produced in a cas-
cading process we used power spectra of weak turbu-
lence cascade as described in Section 2.1. The stochas-
tic field properties correspond to q = 1.05. If no large-
scale homogeneous field is present, this stochastic field
alone can be used to model strong turbulence cascade.
Weak turbulence can be modeled with the addition of a
large-scale homogeneous field in which case the strength
of turbulence depends on the ratio between B2hom and
〈B2tur〉. In all of our examples, we fix the value of
〈B2〉 = 〈(Bhom + Btur)2〉 = const, an important fac-
tor for electron diffusion and energy loses. We chose a
direction of the large-scale magnetic field, which is also
the symmetry axis, along the axis Ox. In the model ge-
ometry (Fig. 3), this direction mimics a radially directed
large-scale magnetic field.
Fig. 6 shows synchrotron images for these turbulent
fields. It can be seen that, while radiation is more polar-
ized for weaker turbulence, there remains significant po-
larization for strong turbulence. In both cases, the most
likely direction of polarization is along the Oy axis, i.e.,
tangent to the shock front. This direction differs from
the one for turbulence produced by shock compression.
This result remains after convolution with the IXPE PSF
making it possible to distinguish anisotropic cascade tur-
bulence from shock compressed turbulence.
3.2. Simulation of realistic IXPE observations
Realistic simulations of the X-ray band should take
into account the detector sensitivity and the Poisson
statistics of the incoming photons. Supernova remnants
are extended objects so even if the entire remnant is a
strong source, spatially resolved parts are likely to be
rather weak sources. In Weisskopf et al. (2010) it is stat-
ed that detection of polarization requires much better
statistics than needed for spectral analysis. With this in
mind, we explore the requirements to detect and study
the polarization properties of Tycho’s SNR by the forth-
coming IXPE polarimeter.
For our simulations we have used the publicly avail-
able ximpol code8 with the high resolution maps dis-
cussed above as sources. For the electron flux we used
an xspec power law model with spectral index 2.2 and
normalization 1.2 · 10−2 ph/keV/cm2/s at 1 keV. These
numbers result from the spectral fitting of the Chandra
flux from the box region shown in the Chandra image in
Fig. 3. To account for the unpolarized thermal emission
from the SNR, we reduced the model polarization de-
gree by the ratio of the observed synchrotron flux to the
total flux. This ratio was determined by fitting joint
thermal/nonthermal models to spectra obtained from
Chandra observations of Tycho. The models provide on-
ly modest representations of the complex X-ray spectra
from the different regions, but yield reasonable estimates
for the thermal and nonthermal flux. Maps of the ratio
of the synchrotron flux to the total flux are shown in Fig.
8 for the indicated energy bands. To decrease the influ-
ence of the thermal plasma, we model 3–8 keV radiation
for which the fraction of thermal plasma emission near
the ridge is ∼ 0.2.
Figure 7 shows the results of the ximpol simulation
for anisotropic turbulence produced by shock compres-
sion and shown in Fig. 4 for q = 5 and a total exposure of
8 https://github.com/lucabaldini/ximpol
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Strong cascade
high angular resolution IXPE angular resolution
Weak cascade
high angular resolution IXPE angular resolution
Fig. 6.— These images were generated with turbulence produced
in an anisotropic cascade process. In each panel the total emission
is in the upper left, the polarized emission is in the lower left,
the polarization degree is in the upper right, and the polarization
angle (in radians) is in the lower right. Angles are measured from
the Oy axis. Images with angular resolution 1.2” are in the left
column and images obtained after convolution with IXPE PSF are
in the right column. The first row shows the case of anisotropic
turbulence produced in the strong anisotropic cascade model with
q = 1.05. The second row shows the case of anisotropic turbulence
produced in the weak anisotropic cascade model (see text).
1 Ms. The upper panel shows the results using 1 arcmin
size pixels within the image. Highly significant polar-
ization is detected in one region, with lower significance
obtained in one other region. The measured polarization
angle for these regions is consistent with that for the
large-scale structures in Fig. 4, while the polarization
degree is somewhat lower, as expected from the contri-
butions of small disorganized regions.
Anisotropic turbulence with q = 5
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Fig. 7.— Top and bottom panels show ximpol simulated maps
for the case of anisotropic turbulence produced by shock compres-
sion with q = 5 and δ = 5/3. The upper panels show maps with
pixel size equal to the region from which statistics were collected.
The lower panels were obtained for the dense grid with pixel size
smaller than the size of the circular region that was used to collect
statistics (“sliding circle” approach). Each row shows maps of po-
larization degree, angle, significance, and total counts. The maps
of polarization degree, angle, and significance show only pixels with
collected statistics better than 10,000 counts.
Fig. 8.— Ratio maps of the synchrotron flux to total flux for
Tycho’s SNR. Values from these maps were used to approximate
the ratio of polarized to unpolarized flux for the region in Fig. 3
being considered for simulations presented here. The outermost
contour from the Chandra image of Tycho is shown for reference.
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To investigate spatial variations in the polarization,
we have adopted a “sliding circle” approach wherein we
use a dense grid with ≈ 17.5 arcsec size pixels and obtain
statistics from a 30-arcsec radius circle centered on the
pixel. Each pixel thus shows a numerical value that ac-
tually corresponds to counts from a larger surrounding
region. We show only pixels with greater than 10,000
counts, sufficient to detect ∼ 10% polarization with 99%
c.l. (with a detector modulation factor 0.5 and without
background (Weisskopf et al. 2010)).
The dense grid, while showing pixel-to-pixel values
that are not statistically independent (and do not cor-
respond to the small pixel size), provides an important
guide to the source structure. This is particularly true
for the sharp border of the SNR, where an arbitrary
large region used for extracting X-ray events may fail
to yield sufficient counts to detect the polarization along
the rim. As can be seen from comparison with Fig. 4,
the sliding-circle maps provide a more faithful represen-
tation of the input model for the simulations. For a more
complete analysis, a tessellation scheme that samples the
image so as to obtain sufficient counts to probe the po-
larization structure could be employed. This is beyond
the scope of our investigation here, which is aimed at
demonstrating broad sensitivity to the turbulence mod-
els described above. The IXPE field of view is ∼ 10′′ in
diameter, sufficiently large for single pointings to encom-
pass many SNRs in their entirety, including Cas A and
Tycho’s SNR. Based on the results from the upper panel,
we conclude that, under the assumptions of the associ-
ated turbulence model, a ∼ 1 Ms IXPE observation of
Tycho would yield ∼ 15 discrete regions from the entire
SNR for which high-significance polarization detections
would result.
Figure 9 shows ximpol simulations for anisotrop-
ic cascade produced turbulence again assuming a 1 Ms
IXPE observation. Comparing Figs. 7 and 9 shows that
it is possible to distinguish anisotropic cascade turbu-
lence from shock compressed turbulence by the direction
of polarization. Indeed ? obtained that a 1σ angle er-
ror in a polarization angle measurement is ∼ 28.5/β deg,
where β = a/σa, a is the polarization amplitude, and σa
is the 1σ polarization amplitude error. The significance
value that is plotted in Figs. 7 and 9 is also equal to
a/σa. Our simulations show that in some cases of the
anisotropic magnetic turbulence we should detect polar-
ization with significance ∼ 8 or even greater from ∼ 15
regions along the Tycho SNR shell. This would suggest
that it is possible to obtain ∼ 10 degree, 3σ accuracy for
these regions that is sufficient to distinguish the cases of
radial, tangential, and intermediate polarization direc-
tions one from another.
In the area near the SNR blast wave the situation
is as follows: for turbulence produced by anisotropic
cascade the assumed direction of the magnetic field is
along the SNR radius and the direction of polarization is
tangential to the SNR shock. For turbulence produced
by shock compression, the dominant magnetic field di-
rection will be in the shock plane making the domi-
nant direction of polarization along the SNR radius. For
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Fig. 9.— The upper panels show the ximpol simulated maps for
a strong cascade case (upper row of Fig. 6) and the lower panels
show the same maps for the weak cascade case (lower row of Fig. 6).
Shown are the polarization degree, angle, significance, and total
counts (intensity) for pixels with collected statistics greater than
10,000 counts. All panels are for the dense grid with pixel size
smaller than the circular region that was used to collect statistics.
isotropic turbulence (i.e., isotropic cascade) it is not pos-
sible to detect significant polarization with a 1 Ms expo-
sure. The ximpol simulations are not shown for this
case.
4. CONCLUSIONS
The stochastic properties of magnetic turbulence
leave observational traces in the small-scale structure
of synchrotron X-ray intensity and polarization maps of
astrophysical objects. In SNR images this structure is
manifested as clumps, dots, and filaments. It is sensi-
tive to the map energy band, to the underlying electron
spectrum, and to the level of anisotropy of the magnetic
turbulence. Due to the characteristics of DSA in young
SNRs, the X-ray synchrotron energy band is the most
sensitive band to study this effect.
When properly analyzed, polarization effects can
provide additional information on the X-ray synchrotron
structure beyond that obtained from synchrotron inten-
sity maps alone. It is important that, for certain types
of magnetic turbulence, some features in the images of
polarization degree and angle remain even with the low
angular resolution of 20–30 arcsec expected from the cur-
rent generation of X-ray polarimeters.
In this article we have discussed the difference in
the X-ray synchrotron map structures that emerge in
the cases of anisotropic turbulence produced by shock
compression and by cascading processes. Our results,
simulating observations of ∼ 1/8th of Tycho’s SNR,
suggest that a 1 Ms IXPE observation will have suffi-
cient sensitivity to yield highly-significant polarization
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detections in multiple discrete regions around the entire
SNR boundary. If strong turbulence is short-scale and
isotropic upstream of the outer blast wave, we will see
mostly radial polarization in the downstream region af-
ter shock compression. However, if isotropic cascading
occurs downstream, small-scale domains will form with
random magnetic field directions and polarization that
is undetectable with a 1 Ms IXPE observation. We note
that, during testing of the radial (or tangential) polar-
ization model, polarization angles around the entire pe-
riphery of the SNR can be re-phased to greatly increase
the sensitivity of the measurements.
On the other hand, if CRs are accelerated at the for-
ward shock efficiently enough to have a hard spectrum
(i.e., an index of 2 or less at the highest energies in-
dicative of nonlinear DSA) then we can expect to have
strong long-wavelength fluctuations of spatial scales up
to 10 arcsec in Tycho. Also, the long-wavelength mag-
netic structures could be produced by the non-resonant
CR mirror instability which may indicate the superdif-
fusive regime of CRs acceleration by supernova shocks
(Bykov et al. 2017). Since the lifetime of large-scale fluc-
tuations is of the order of a few years or longer, the
dominant magnetic field seen by a snapshot will be a
random combination of patches of quasi-regular strong
fields. Within the anisotropic cascade model, when the
magnetic field near the shock is predominantly radial,
this pattern will produce polarization that is predomi-
nantly parallel to the shock front and distinct from the
case of shock compressed turbulence.
Of course this picture is oversimplified since we are
only considering the forward shock and projection ef-
fects, even for the forward shock, will tend to obscure
the polarization direction. A clear prediction, however,
comes from the expected timescale for magnetic fluctua-
tions. If IXPE observes Tycho twice within more than a
ten-year interval, significant changes in the polarization
are expected from the anisotropic cascade, CR-driven
turbulence models.
We have described features detectable with the new
generation of X-ray polarimeters such as IXPE. These
detectors should give unique and valuable information
on the properties of magnetic turbulence including its
origin and evolution in SNRs.
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